STKs were assumed for a long time to exist only in eukaryotes, but Eukaryotic-like STKs this is the pglphage defense system fromStreptomyces coelicolor and the related BREX 28 (Bacteriophage Exclusion) systems, which are thought to exist in many unrelated bacteria 29 (Goldfarb et al., 2015; Hoskisson et al., 2015; Sumby and Smith, 2002) . These systems 30 includea STK known asPglWfor which kinase activity was confirmed in vitro; however, its 31 exact role in the defense pathway is not yet understood (Hoskisson et al., 2015) . Also of note 32 is the discovery of a prophage-encoded tyrosine kinase which excludes superinfection by 33 phage HK97 in Escherichia coli (Friedman et al., 2011) . 34 35 Here we report the discovery of an eSTK involved in phage defense in Staphylococci. The 36 Stk2 protein is activated when a specific phage protein, PacK, is present in the cell. The 37 activation ofStk2results in cell death through phosphorylation of proteins involved in essential 38 cellular processes, including translation, transcription, control of cell cycle and others. 39 Infected cells die before releasing infectious phages thereby protecting neighboring bacteria. 40 This altruistic defense strategyis known as abortive infection (Abi) and can be performed by 41 mechanically diverse systems (Chopin et al., 2005) .Staphylococci carry another STK known as 42 Stk1 or PknB, which is important for cell-wall structure, antimicrobial resistance, and 43 virulence (Beltramini et al., 2009; Debarbouille et al., 2009; Donat et al., 2009; Truong-44 Bolduc et al., 2008) . The existence of a second STK, known as Stk2, present in only some 45 isolates of S. aureuswas noted in a few studies but its function remained 46 mysterious (Debarbouille et al., 2009; Didier et al., 2010) . We now demonstrate that Stk2 provides immunity against bacteriophages through an Abi mechanism. Interestingly, the Stk1 48 kinase is also involved in this defense pathway, suggesting a phosphorylation cascade 49 reminiscent of Eukaryotic viral defense pathways.
3
Results

53
Discovery of stk2, a bacteriophage defense kinase. We isolated a novel temperate phage of 54 Staphylococcus epidermidis, CNPx a 43kb Siphoviridae with 90.2% overall nucleotide 55 identity to phage CNPH82 (Daniel et al., 2007) . CNPx was isolated on strain LM1680, a 56 derivative of S. epidermidis RP62A carrying a large deletion that includes a type III-A 57 CRISPR system and a type I restriction modification (RM) system 58 2014). Interestingly, CNPxdoes not infect strain RP62A, suggesting that the region deleted in 59 LM1680 contains a defense system, possibly the CRISPR or the type I RM, that blocks 60 infection by this phage. To narrow down the position of the defense system, we tested the 61 ability of CNPx to infect a collection of RP62A derivatives,obtained by Marraffini and 62 colleagues, that carry various deletions of this region (Jiang et al., 2013) . This analysis 63 allowed us to identify a ~16kb candidate region that carries the phage defense system (Figure 64 1A). To our surprise, this region did not include the type I RM system or the CRISPR system; 65 instead, it contained a number of hypothetical proteins as well as an operon involved in 66 potassium transport and associated regulatory genes (Table S1 ). Genes coding for the 67 hypothetical proteins were cloned either alone or two at a time on plasmid pC194 which is 68 present in ~15 copies in the cell (Novick, 1989) . The resulting plasmids (pDB31, pDB32, do not carry stk2 in their chromosome (Bae et al., 2006; Nair et al., 2011 of inclusion bodies. The His6-Stk2 product was then purified by adenaturation/renaturation 106 method using guanidinium chloride, followed by a step of purification on anaffinity column. To confirmin vivo that the kinase activity of Stk2 is required for the phage defense phenotype, 133 we mutated conserved residues:K152 in the ATP-binding loop, the predicted catalytic 134 aspartate D243,and the T275 autophosphorylation residue in the activation loop( Figure 2A ).
135
All alleles were introduced in S. aureus strain RN4220 and tested for sensitivity to phage 136 phiNM1 ( Figure 3A ). As expected, all mutants showed sensitivity to the phage. led to an interruption in the growth of the culture ( Figure 3B ). This result stands in clear Figure 3C ). This shows that stk2mediates cell death and acts as an abortive infection 150 (Abi) system, killing bacteria upon infection to prevent phage propagation (Abedon, 2012) . 
). Upon induction with anhydrotetracycline, cell death was observed only when stk2 was 211 present in the cells ( Figure 4C ). The V200M and K30E mutations identified in the mutant 212 phages were also tested in this assay and abolished the Abi phenotype ( Figure S2B Ptet promoter on plasmid pE194,producing plasmids pFD16 and pFD20, respectively (Table   226   S5 ). After induction with anhydrotetracycline, cellswere killed in the presence of stk2 but not 227 in its absence ( Figure 4C ). The mutations identified in these genes were also confirmed to are phosphorylated in the activation loop (S272, T275, T278), as well as a serine S163 256 between the P-loop and the catalytic site. These residues were also identified in the in 257 vitroautophosphorylation assay (Figure 2) . Phosphorylation of the trigger PacK protein could 258 also be identified at residue S176, suggesting that Stk2 interacts with PacK directly.Mutation 259 of the S176 residue to alanine did not have any impact on the Abi phenotype ( Figure S3 ). at two threonines in the activation loop (T164 and T166). The phosphopeptide carrying these 268 residues was 1.5-fold more abundant in the presence of Stk2 than in its absence (Table S7) .
269
To investigate whether Stk1 could play a role in Stk2-mediated phage defense, plasmid Staphylococci, is also involved in this antiviral defense pathway. Deletion of stk1 strongly 338 impairs the ability of Stk2 to protect S. aureus against phages ( Figure 5A ). Nonetheless, the 339 activation of Stk2 leads to cell death even in the absence of Stk1 ( Figure 5B ). Thus, the role 340 of Stk1 in this defense pathway is likely to ensure that phage particles are not produced before Chloramphenicol (10 µg/mL), erythromycin (10 µg/ml),and ampicillin (100µg/ml) were 375 added to the medium to prevent loss of plasmids derived from pC194, pE194 (Horinouchi and   376 Weisblum, 1982a, b), and pET15b (Novagen), respectively.E. coliBL21(DE3)AD494 377 (Novagen) was used for expression of recombinant proteins, and grown inLBmedium 378 supplemented with 100 μg/mL ampicillin at 37°C. 
Introduction of plasmids in Staphylococci
390
Plasmid constructions are detailed in the supplemental experimental procedures. Lists of 391 plasmids and oligonucleotides used in this study are provided in supplementary Tables S5 and   392 S6.After DNA assembly all plasmids were first electroporated in S. aureus strain RN4220.
393
Briefly, cells were grown to an optical density (600nm) of 0.8 and washed three times in cold 394 water and concentrated 100x in 10% glycerol. Electroporation of dialyzed DNA was 395 performed in 2mm cuvettes using the following settings: 100Ω, 2.5kV, 25μF. In order to 396 introduce plasmids in other Staphylococci strains, plasmids were extracted from RN4220 10 using the NucleoSpin Plasmid kit (Macherey Nagel) with the following modification: 4ug of 398 lysostaphin (Ambi) was added to the A1 buffer, and cells were incubated 1H at 37°C in this 399 buffer before resuming the protocol as described. Plasmids extracted from RN4220 can then 400 be introduced in other Staphylococci through electroporation following the same protocol.
402
Overproduction and purification of Stk2 and derivatives
403
Plasmids pET15Ωstk2(sa0077) and derivative mutantswere introduced into E. coli 404 BL21DE3/AD494. The transformants were grown in 1 liter of LB medium with shaking at
405
25°C until OD 600 = 0.5, IPTG (0.5 mM) was added to induce protein production, and 406 incubation was pursued for 6 h at 25°C. Cells were then harvested by centrifugation at 3000g 407 for 10 min. Since Stk2 and its mutants were not soluble and retained in inclusion bodies, a 408 step of denaturation/renaturation using guanidine chloride according to London(London et al., 409 1974)and Goldberg (Goldberg et al., 1996) Table S1 . B) ORFs contained in the candidate region were cloned either alone or 625 two at a time on plasmid pC194 to give plasmids pDB31 (serp2479, stk2), pDB32 (serp2480), 626 pDB33 (serp2481+serp2482) and pDB34 (serp2483+serp2484)(see Table S1 ). Table S2 . 
